Stiffness is an important factor for robots in a human environment. Therefore, many methods for stiffness control, which enable robots to setup stiffness, have been developed. Although the performance of stiffness control is quite an important factor, no methods for quantitative comparison of these methods exist. Thus, the characteristics and advantages of a stiffness control method are quantitatively investigated and compared, and certain evaluation criteria that can assist in guiding the design process of stiffness control systems are proposed. The experimental results show the quantitative comparison among three types of robot arms and investigate their property.
Introduction
In modern society, the development of robot technology has been remarkable and robots are expected to be used not only in industrial applications but also for human support. Most robots used for human support, such as surgical robots and life support robots are used for replacing manual effort or supporting different aspects of human life and work. When such robots are in operation, they frequently come into contact with humans. In order for these robots to operate safely, it is necessary for the stiffness of its material to be low at the time of contact. On the other hand, high levels of stiffness are desirable for efficient operation; hence, it should be possible to set an arbitrary level of stiffness. In general, stiffness is a mechanical property of a material, and impedance control (1) and compliance control (2) are widely known as techniques used for simulating arbitrary stiffness via control. However, when we consider typical robots, we find many cases in which motors are placed within joints and a high torque is achieved using gears. Further, the effect of static friction due to the gears during the initial movement of the joints is large. Therefore, the back drivability of these robots is significantly reduced, and the inability to provide an adequate level of stiffness becomes an important issue for human support robots. With respect to methods for ensuring adequate back drivability of robots, research has been carried out on overcoming static friction by providing a dither signal to the motor (3) , direct drive motors (4) , and twin drive systems (5) (6) , among others, based on their application to robots. Furthermore, methods for mechanically controlling stiffness using a) Correspondence to: Makoto Kamibayashi. E-mail: s11mm211 @mail.saitama-u.ac.jp * Graduate School of Science and Engineering, Saitama University 255, Shimo-okubo, Sakura-ku, Saitama 338-8570, Japan * * PRESTO grant from Japan Science and Technology Agency (JST) 7, Gobancho, Chiyoda-ku, Tokyo 102-0076, Japan pneumatic artificial muscles (7) and nonlinear springs (8) have also been proposed. To date, various methods have been suggested to reproduce controlled stiffness. On the basis of the various advantages and disadvantages of the stiffness control techniques listed above, an appropriate method that meets the specifications required for a given robot application needs to be selected. However, since no such methods have been established for quantitatively evaluating the performance of these techniques and comparing their characteristics as well as advantages, substantial information needs to be gathered in order to select the structure and control system of the robot.
In this study, the characteristics and advantages of a stiffness control method are quantitatively investigated and compared, and certain evaluation criteria that can assist in guiding the design process of stiffness control systems are proposed. In order to investigate the usefulness of the evaluation criteria, the considered stiffness control method is applied to three types of robots with different structures: a serial-link robot that uses motors with gears, a robot that uses pneumatic artificial muscles, and a robot that uses a twin drive system. The performance of the stiffness control method is subsequently evaluated.
The rest of this paper is organized as follows. Section 2 discusses the basic concept of a robot that uses a twin drive system and describes the entire control system for the robots that were evaluated. Section 3 describes the method of evaluation and the evaluation criteria proposed for stiffness control, and Section 4 presents the simulation and experimental results. Section 5 summarizes the paper.
Control System under Evaluation

Experimental Equipment
In this study, the performance of three different types of robot arms is evaluated, as shown in Fig. 1 . The specifications of the robots used in this study are listed in Table 1 . The typical arm robot shown in Fig. 1(a) is the most popular type. This is a serial link arm with motors and gears at the joints. Because the construction is simple, its controller is also simple. It is hereafter referred to as a typical robot. The robot that uses an artificial muscle arm is shown in Fig. 1(b) and is constructed with a McKibben pneumatic artificial muscle instead of motors and gears. The pneumatic artificial muscle contracts according to the air pressure inside the muscle, and, in this way, the mechanical stiffness of the muscles can be adjusted. This system drives its joint by contracting the artificial muscle. Considering the characteristics of this mechanism, it is easy to achieve a high output using plural actuators because it has the characteristic of being a parallel link while also being a serial link. In addition, there is a very small effect of static friction in this mechanism because no gears are used, as indicated in Table 1 . This robot system is hereafter referred to as a pneumatic artificial muscle arm. The parallel-link arm robot, shown in Fig. 1(c) is a parallel mechanism, with an advantage that the link can be light and the actuator can be small. In addition, this system used in this study is a twin drive system. The twin drive system is able to cancel the effect of static friction and achieve a high torque. Previous research has shown that this system has high back drivability and good control performance (9) (10) . One of the system's three arms, which are arranged in parallel, is investigated, and this system is hereafter referred to as a twin drive system. Given that the three robots compared in this study have completely different structures, actuators, and control systems, as described above, it is difficult to determine the exact conditions required for a comparative analysis. The conditions required for a fair comparison are described in Section 4.
Robot Control
The control system of the three robots used in this study is described below. Fig. 2 shows a block diagram of the stiffness control system. In Fig. 2 , J denotes the Jacobian matrix that relates the joint angles with the hand positions and H represents the moment of inertia of the motor shaft. The subscript "cmd" refers to the command value, whereas "ref " refers to the reference value.
Stiffness Control
In this study, impedance control (11) is used for controlling the stiffness. In impedance control, the input information is the position p, velocityṗ, and force F e , and mechanical impedance can be reproduced by adjusting the gain of these inputs ( 
Here, the value of each impedance element is the theoretical value, and the stiffness value is called the theoretical stiffness K i . It is possible to set the desired level of stiffness for the system by adjusting the gain to this value. Further, it is possible, in general, to represent the stiffness K as shown in Eq. (2), as the ratio between the load F [N] and the displacement x [m]. The stiffness value obtained from Eq. (2) is referred to as the measured stiffness K m .
For the control of the twin drive system, the impedance control system shown in Fig. 2 is constructed by implementing the coordinate transformation of the sum and the difference, as proposed in Ref. (1) . A reaction force observer is used for the external force detection (11) . The abovementioned control method is not used for the control of the pneumatic arm, because this arm is constructed based on the musculoskeletal model shown in Fig. 4 , in which the pneumatic control system does not have sufficient control bandwidth for acceleration control. The stiffness control in Ref. (12) , which adjusts the mechanical stiffness, is introduced as a substitute.
Evaluation Criteria
In this section, four criteria are proposed to quantitatively evaluate the performance of the stiffness control methods.
A. Error between the measured stiffness and the theoretical stiffness ΔK R B. Standard deviation of the measured displacement σ x C. Root mean square deviation of the measured displacement from the theoretical displacement x RMS D. Dead zone F DA The general calculation method for each evaluation criterion is as follows:
A. Error between the measured stiffness and the theoretical stiffness (stiffness error)
There is an error in the reproduced stiffness when the desired stiffness K i is controlled if the reproducibility of the system stiffness is low. In order to compare the desired theoretical stiffness K i with the measured stiffness K m , which is derived from Eq. (4) by using the measured values, we need to determine the relative error between K i and K m . In this study, the slope a of the straight line approximation of the displacement due to the external force F e is determined using the method of least squares, as given by Eq. (3), and the measured stiffness K m is calculated as the inverse of this slope (Eq. (4)).
Here, a constant load is applied as the external force F e in the experiment described below, and the displacement x is measured, k denotes the sample number, n is the total number of samples, x k denotes the measured value of displacement for each sample, and F ek is the magnitude of the external force applied for each sample. The absolute error ΔK A is calculated by Eq. (5), whereas the relative error ΔK R is calculated by Eq. (6).
Hereafter, the term error refers to the relative error. ΔK A and ΔK R represent the accuracy of the stiffness that is statically reproduced by the stiffness control system.
B. Standard deviation of the measured displacement
In the stiffness control system with low back drivability, there is some dispersion of the displacement depending on the effect of static friction, such as stick-slip oscillation even if the average stiffness is accurate. In order to evaluate the extent to which the measured displacement deviates from the displacement derived from the measured stiffness, the value of the standard deviation is evaluated using Eq. (7).
Here, ΔK R represents the average stiffness error, whereas σ x denotes the degree of random variation in the reproduced control stiffness.
C. Root mean square deviation of the measured displacement from the theoretical displacement
Stationary disturbances such as gravitational force often cause deviation of the displacement. In order to evaluate the effect against stationary displacement, the magnitude of the deviation of the measured displacement from the displacement derived from the theoretical stiffness, is calculated. The root mean square deviation is given by Eq. (8).
x RMS represents the performance in terms of the compensation for constant magnitude disturbances such as gravity.
D. Dead zone
There is a case wherein delicate operation is not possible done because a robot with gears in its joints does not respond to an external force that is less than the static friction force of the gears. This is an issue with human support robots. Thus, the effect of static friction is evaluated by measuring the dead zone. To evaluate the dead zone, we denote the maximum external force that can be applied without causing displacement as F D and define the absolute value of F D as |F D+ | when the direction of the force is positive; the absolute value of F D is denoted as |F D− | when the direction of the force is negative. These two values are measured, and the average value F DA is evaluated (Eq. (9)). Because the maximum static friction force varies randomly, the average width is the dead zone.
The performance of the considered stiffness control methods is evaluated using these four criteria.
Here, these criteria are based on variable x. This variable denotes a displacement of the position in the Cartesian coordinate system. It should be noted that this variable does not necessarily correspond to the x-axis in the Cartesian coordinate system. This variable can be used even if the position is displaced toward the y-axis direction.
These criteria evaluate the total performance of the stiffness control. They deal with the performance of the stiffness control including not only the drive mechanism but also the control system. Therefore, the evaluation results of the robots with different stiffness control systems, for example, are not necessarily same although they have the same mechanism.
Experiment
Experiments were carried out to confirm the usefulness of the proposed method. The three types of robot arms described in Section 2 were used in the experiments.
Experimental Setup
The experimental systems shown in Fig. 1 were used. The manipulator tip model is shown in Fig. 5 , where x represents the horizontal direction and y represents the vertical direction. The direction of the applied external force was the same in each experiment. These robots have been adjusted so that they have similar parameters. In this experiment, the joint angles of the shoulder and elbow of each robot are 0°and 90°, respectively.
Experimental Procedure
As an experiment for evaluating the static characteristics of stiffness control, we Table 2 . Control parameters measured the displacement corresponding to the external force applied in the y-axis direction. In this study, an external force of 0.5 N is applied by hanging a weight of 51 g on the tip of the robot arms. By adding weights, however, the moment of inertia at the tip of the robot arms may vary. This may cause some differences in movement. To solve this problem, we introduced the experimental system shown in Fig. 5 . The weights are hung toward the upper and lower side of the robot arm, and the external force is regarded as the difference between the weights of the upper and lower sides. In the case of increasing the external force, some weights are moved from one side to the other side. Thus, this experimental system is able to obtain the same inertia condition. The details of the experiment are shown below. On the basis of results obtained by this experiment, we evaluate and compare the control stiffness of the robots.
Measurement of the Displacement Corresponding to the External Force
Controlling the stiffness of the robots shown in Fig. 1 , we measured the displacement corresponding to the external force at the tip of the robots arm. The parameters of the robots are listed in Table 2 . The results of the experiment are shown in Fig. 6. Fig. 6(a), (b) , and (c) show the displacement corresponding to the external force. The results of the three robot arms, the typical, the pneumatic artificial muscle, and the twin drive system, are compared. The dotted line represents the linear approximation of the measured value, and the continuous line represents the linear approximation whose gradient is the reciprocal of the theoretical stiffness. The evaluation results based on the experimental results are summarized in Table 3 and shown in Fig. 7 . Both the typical robot arm and the twin drive system are set to have a theoretical stiffness of 200 N/m. However, the dotted line in Fig. 6(a) is not aligned parallel with the continuous line, and the displacement varied rapidly when a certain amount of external force was applied. On the other hand, the dotted line in Fig. 6(c) is aligned parallel with the continuous line, and each evaluation parameter of the twin drive system was smaller than that of the other robots. We Table 3 . Evaluation of stiffness quality surmised that the effect of the gear's static friction degrades the performance of the typical arm.
On the other hand, gears also were used in the twin drive system. Nevertheless, there was no effect of the gear's static friction because the gears were rotated consistently in the twin drive system. Thus, the dead zone of the twin drive system is considerably smaller than that of the typical arm. In the results of the pneumatic artificial muscle arm, the dotted line is aligned almost parallel with the continuous line; however, another displacement arises at the same external force. Thus is caused by the hysteretic characteristics of the artificial muscle. 
Characteristics of Each Structure
The evaluation results summarized in Table 3 and shown in Fig. 7 confirm that the stiffness control performance can be estimated quantitatively for each robot arm. The characteristics of each of the three robot arms compared in this study can be summarized using the evaluation results, as follows:
• In the case of the typical robot arm, the back drivability is reduced because of the effect of gear friction, and as a result, the error in the reproduced stiffness ΔK R is high. For the same reason, the dead zone F DA is also large.
• The precision of the stiffness for the pneumatic artificial muscles arm is high, and because it does not use gears, there is almost no dead zone. However, because of the effect of hysteresis, the root mean square deviation of the measured displacement from the theoretical displacement x RMS and the standard deviation of the measured displacement σ x are large, and the reproducibility of the stiffness control is not significant.
• The displacement of the position of the measured value has constant deviation although the measured stiffness is nearly equal to the theoretical stiffness in Fig. 6(c) . We surmise that this effect comes from compensation for a constant disturbance, such as gravity. As shown in Fig. 7 , x RMS of the twin drive system exhibits this effect. Therefore, x RMS has efficacy as a criterion for quantifying the effect of a constant disturbance. The fact that the twin drive system has twice as many actuators as a normal dsive system is an issue; however, in this case, all the evaluation criteria estimated for stiffness control indicate that it has good characteristics.
Conditions for a Fair Comparison
In order to carry out a quantitative comparative analysis using the evaluation criteria proposed in this paper, it is desirable to have uniform robot specifications. However, robot specifications may change depending on the use and structure of the robot, making it difficult to achieve completely uniform specification for robots with completely different uses and structures. From among the four criteria proposed in this paper, the standard deviation of the measured displacement σ x and the root mean square deviation of the measured displacement from the theoretical displacementx RMS are both expressed in centimeters. Similarly, the dead zone is expressed in newtons. For a proper comparison, it is necessary to roughly maintain an identical scale for the movable range of the tip and for the range of the force. As indicated in Table 1 , the robot arms used in this study have different mechanisms and specifications but they all have two degrees of freedom. Given that the link length is approximately 30 cm and the maximum load is 10 N, which approximately match the scale of the moveable range and the range of the force, respectively, the above-mentioned conditions are considered to have been met in our study.
Conclusion
In this paper, four evaluation criteria were proposed for assessing the performance of stiffness control for robots, and the characteristics of these robots were analyzed through experiments with actual equipment. Using these evaluation criteria, one can perform a quantitative comparative analysis for various elements of stiffness control for robot arms with different structures. Quantification of the performance of control stiffness is meaningful for researches and engineers who use or create new robot systems because selecting a robot with proper characteristics for the system is difficult. Evaluations with the proposed method show that the characteristics or performance of the total stiffness control system can be estimated quantitatively.
The criteria proposed in this paper were chiefly used for evaluating the static characteristics of stiffness control, not for evaluating the phenomena having a large time constant, such as collisions. In future research, we aim to extend these criteria to dynamic characteristics and to apply the extended criteria to phenomena such as collisions.
